The p53 tumor suppressor is mutated in a high percentage of human tumors. However, many other tumors retain wild-type (wt) p53 expression, raising the intriguing possibility that they actually benefit from it. Recent studies imply a role for p53 in regulation of autophagy, a catabolic pathway by which eukaryotic cells degrade and recycle macromolecules and organelles, particularly under conditions of nutrient deprivation. Here, we show that, in many cell types, p53 confers increased survival in the face of chronic starvation. We implicate regulation of autophagy in this effect. In HCT116 human colorectal cancer cells exposed to prolonged nutrient deprivation, the endogenous wt p53 posttranscriptionally down-regulates LC3, a pivotal component of the autophagic machinery. This enables reduced, yet sustainable autophagic flux. Loss of p53 impairs autophagic flux and causes excessive LC3 accumulation upon starvation, culminating in apoptosis. Thus, p53 increases cell fitness by maintaining better autophagic homeostasis, adjusting the rate of autophagy to changing circumstances. We propose that some cancer cells retain wt p53 to benefit from the resultant increased fitness under limited nutrient supply.
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apoptosis | posttranscriptional regulation T he p53 tumor suppressor is a major barrier against cancer (1, 2) . Accordingly, about one-half of all human tumors harbor p53 gene mutations. However, many other tumors retain expression of wild-type (wt) p53. This is commonly thought to reflect the presence of other genetic or epigenetic alterations that render p53 nonfunctional. However, in some cases, wt p53 may be retained because it provides a benefit to the cancer cells; such cells may misuse wt p53 to reap a selective advantage (3, 4) .
Autophagy is a major catabolic pathway for delivery of proteins and organelles to lysosomes or the vacuole, where they are degraded and recycled. Autophagy is activated during nutrient deprivation and is often deregulated under pathological conditions (reviewed in refs. 5 and 6) . Autophagy is initiated by the surrounding of cytoplasmic constituents with a crescent-shaped isolation membrane (phagophore), which forms a closed doublemembrane autophagosome. The autophagosome fuses with a lysosome to become an autolysosome, where its content is degraded. Elongation of the autophagosomal membrane entails conjugation of MAP1-light chain 3 (LC3) proteins to phosphatidylethanolamine (7) . Lipidated LC3 remains associated with autophagosomes until fusion with lysosomes, at which point intra-autophagosomal LC3 is degraded (8, 9) .
Many links exist between autophagy and cancer (10) (11) (12) (13) (14) . An anticancer role for autophagy is implied from its activation by tumor suppressor proteins, including Beclin 1, tuberous sclerosis (TSC)1, TSC2, death associated protein-kinase 1 (DAPK1), and alternate reading frame (ARF). Autophagy was also shown to mediate oncogene-induced senescence (15) , a key anticancer mechanism. However, cancer cells encountering limited nutrient supplies in the growing tumor may exploit autophagy for survival; such improved autophagic capabilities will actually benefit the cancer cell (9-13). The complex relationship between autophagy and cancer is also underscored by studies on p53.
p53 modulates the expression of target genes, leading to diverse cellular responses including apoptosis, cell cycle arrest, and senescence (1, 2) . p53 promotes autophagy after genotoxic stress through AMP-kinase (AMPK) activation and mammalian target of rapamycine (mTOR) inhibition (16) . Transcriptional targets of p53 include sestrins, which activate AMPK and inhibit mTOR (17) (18) (19) , and damage regulated autophagy modulator (DRAM), a lysosomal protein mediating autophagic cell death (20) . However, p53 can also suppress autophagy (21) , an effect attributable to cytoplasmic rather than nuclear p53. This is yet another example where, depending on the nature and extent of the inducing stress, p53 may modulate the same process differently to achieve different biological outcomes (12, 13, 22) .
We investigated the impact of autophagy regulation by p53 on cancer cells chronically exposed to an unfavorable environment. We report that wt p53 promotes cell survival by enabling a better autophagic response to chronic nutrient deprivation, and we implicate regulation of LC3 in this process.
Results p53 Loss Causes Aberrant Autophagosome Accumulation in Chronically
Starved HCT116 Cancer Cells. To explore the impact of p53 on autophagy in cancer cells facing chronic nutrient deprivation, we compared human colorectal carcinoma-derived HCT116 cells that retain wt p53 (HCT116 p53 +/+ ) with their isogenic derivatives, in which the p53 gene had been somatically knocked out (HCT116 p53 −/− ). For nutrient deprivation, cells were placed in Earle's balanced salts solution (EBSS); except for glucose (1 g/L), EBSS contains no nutrients or growth factors. Fig. 1A shows immunostaining of LC3, a canonical marker for autophagosomes. Under standard conditions (Cont), autophagosomes were present in similar small numbers in both p53 +/+ and p53 −/− cells (Fig. 1A, i and iii) . Moreover, both cell types displayed efficient autophagosome recycling (autophagic flux), evident as accumulation of autophagosomes in the presence of the lysosomal inhibitor Bafilomycin A (BafA) (23) (Fig. 1A , ii and iv). Short nutrient deprivation, up to 8-12 h, mildly increased autophagy in both cell types (Fig. S1A) . However, on prolonged starvation (24 h or longer), autophagosomes accumulated massively in p53 −/− but not in p53 +/+ cells (Fig. 1A , v and vii). This could imply increased functional autophagy in the p53 −/− cells. However, assessment of autophagic flux refuted this notion. Whereas BafA increased LC3 staining in p53 +/+ cells, indicative of productive autophagic flux (Fig. 1A, vi) , it failed to do so in p53 −/− cells (Fig. 1A, viii) , implying that, in the absence of p53, autophagosome recycling became ineffective under prolonged starvation and that the high LC3 staining was actually because of the stalling of autophagy, causing aberrant accumulation of static autophagosomes. This was confirmed by a functional bulk protein degradation assay monitoring autophagic activity. Although protein degradation increased markedly in HCT116 p53
+/+ cells after 24 h of starvation (Fig. S1C) , the effect was attenuated in p53 −/− cells. LC3 is converted to lipidated LC3 (LC3-II) on induction of autophagy, slowing down its migration relative to nonlipidated LC3-I in SDS/PAGE. We monitored LC3-II levels under different conditions. Because the anti-LC3 antibodies react preferentially with LC3-II and less so with LC3-I, LC3-II levels were normalized to GAPDH rather than to total LC3 (24) . Prolonged starvation reduced LC3-II levels in p53 +/+ cells (Fig. 1B) . Autophagic flux, deduced from the ratio between the amount of LC3-II in the presence of BafA and the amount in its absence, was modestly reduced but persisted overall (Fig. 1B) . Hence, although the rate of initiation of autophagic events slowed down, initiated autophagosomes concluded the process successfully and were recycled. In stark contrast, LC3-II accumulated copiously in chronically starved p53 −/− HCT116 cells but did not further increase with BafA (Fig. 1B) , implying stalled autophagic flux. This trend began to emerge already at 8 h of starvation (Fig. S1B) , becoming more prominent by 24 h (Fig. 1B) .
When p53 +/+ cells starved for 48 h were examined by transmission EM (TEM), very few autophagosomes were seen in most cells (Fig. 1C , i-iii). In contrast, the majority of p53 −/− cells displayed extensive accumulation of double and multimembraned structures with a broad range of morphologies, presumably corresponding to stalled autophagosomes or autolysosomes (Fig. 1C , iv-ix). Similar structures were occasionally seen also in p53 +/+ cells but at much lower abundance. We next performed immunofluorescence analysis for LC3 and lysosomal-associated membrane protein (LAMP)-1 as markers for autophagosomes and lysosomes, respectively ( Fig. 1D and Fig.   S1D ). In p53 +/+ cells, extensive colocalization of autophagosomes and lysosomes was evident with but not without BafA, confirming functional autophagic flux (Fig. 1D , ii, vi, x, and xiv). A ring of LAMP-1 staining often encircled the LC3 staining (arrows), suggesting that BafA caused accumulation of autophagosomal material within autolysosomes. However, in p53 −/− cells, whereas engulfment of autophagosomes by LAMP-1-decorated rings was observed under basal conditions in a BafA-dependent manner (Fig. 1D, iv) , extended starvation led to BafA-independent LC3 accumulation ( Fig. 1D , vii, xi, and xv). Remarkably, LC3 accumulated preferentially in large clusters localized next to but often not within lysosomes. This suggests that, in chronically starved HCT116 cells, p53 tunes down autophagy to an affordable rate. In the absence of p53, cells continue to form abundant autophagosomes that cannot be efficiently recycled and accumulate aberrantly without concluding their catabolic mission. Of note, lysosomal acidity did not decrease in p53
−/− cells compared with the p53 +/+ cells but rather, increased ( Fig. S1E ), suggesting that lysosomal quantity and integrity were maintained. +/+ but not p53 −/− HCT116 cells. To further investigate this difference, we monitored LC3 mRNA. As seen in Fig. 2A , levels of mRNA encoding LC3B, one of the three human LC3 isoforms, did not change on very short starvation, as reported earlier (25) . However, by 8 h, LC3B mRNA increased about fivefold; this occurred in both cell types, suggesting that p53 is not involved. On further starvation, LC3B mRNA began to decrease, reaching basal levels within 24 h in p53 +/+ cells. In contrast, in p53 −/− cells, LC3B mRNA remained approximately twofold higher than basal even after 48 h. Another LC3 isoform, LC3A, displayed a similar pattern ( Hence, p53 is required for efficient down-regulation of LC3 mRNA in chronically starved HCT116 cells.
p53 is a transcriptional regulator. Hence, it was plausible that it represses LC3 gene transcription. However, changes in mRNA abundance can also reflect posttranscriptional processes. We, therefore, assessed the impact of starvation on the relative amounts of primary LC3B transcript (LC3B pre-mRNA). quantitative RT-PCR was performed as in Fig. 2A but with primers derived from intronic LC3B sequences, which allowed quantification of immature pre-mRNA to better approximate relative transcription rates (26) (27) (28) . Surprisingly, except for an early increase in LC3B pre-mRNA observed already after 3 h, the starvation-induced changes affected mainly the mature rather than the primary transcripts (Fig. S2B) . The ratio between LC3B mRNA and pre-mRNA increased at 8 h in both p53 +/+ and p53
−/− cells (Fig. 2B) , suggesting p53-independent stabilization of mature LC3B mRNA. Remarkably, longer starvation greatly decreased the LC3 mRNA/pre-mRNA ratio in p53 +/+ cells but hardly in p53 −/− cells. This strongly suggests that, in HCT116 cells, p53 promotes the posttranscriptional down-regulation of LC3 mRNA on prolonged nutrient deprivation.
LC3 has several functional homologs, including Golgi-associated ATPase enhancer (GATE)-16 and GABA-receptor associated protein (GABARAP); neither of the corresponding mRNAs changed during starvation (Fig. S2C) . We also monitored the mRNA of p62, an important LC3 interactor in autophagy (29, 30) . Like LC3 mRNA, p62 mRNA was up-regulated at 8 h, albeit more mildly, and down-regulated later (Fig. S2D) ; however, this was p53-independent.
p53 Enhances HCT116 Cell Survival Under Prolonged Starvation. p53 can induce apoptosis in response to severe stress. We, therefore, tested the effect of p53 on starvation-induced cell death by performing propidium iodide (PI) staining followed by flow cytometry; apoptotic cells were identified by their sub-G1 DNA content. Surprisingly, prolonged starvation promoted more apoptosis in p53 −/− HCT116 cells than in p53 +/+ cells (Fig. 3A) , implying that p53 protects these cancer cells from chronic starvation-induced death. This was further confirmed by Annexin V staining (Fig. 3B) : over 50% of the p53 −/− cells were either in early apoptosis (Annexin V+, PI−) or dead (Annexin V+, PI+) at 48 h compared with only 20% in p53 +/+ cells. In contrast, p53 +/+ cells died much more readily on treatment with 5-fluorouracil (5-FU), a known inducer of p53-dependent apoptosis. siRNA-mediated p53 downregulation in the p53 +/+ cells before starvation resulted in an increased sub-G1 population (Fig. S3A) , further arguing that p53 inhibits apoptosis under these conditions. Notably, p21 knockdown did not affect cell death (Fig. S3A) . Levels of phosphorylated acetyl-CoA-carboxylase (ACC), an AMPK substrate, did not increase, indicating that AMPK was not activated under these conditions (Fig. S3B) . A protective effect of p53 during prolonged starvation was seen also in HepG2 hepatocellular carcinoma cells harboring wt p53 (Fig. S3C) . However, p53 knockdown did not increase starvation-induced death of wt p53-expressing U2OS human osteosarcoma cells (Fig. S3D) . Thus, in some but not all wt p53-positive cancer cell lines, p53 provides better protection against starvation-induced death. Interestingly, starved p53 −/− HCT116 cells exhibited increased polyploidy (Fig. 3A) , which became more prominent when death was blocked ( Fig. 3D and Fig.  S3F ). This suggests that functional autophagic flux reduces the incidence of genomic instability, supporting earlier findings (31) .
Extension of the starvation to 5 d further exacerbated the deleterious effect of p53 depletion: substantial numbers of cells were observable in the p53 +/+ cultures, both macroscopically and microscopically, but not in the p53 −/− ones (Fig. 3C) . Importantly, replenishment with full medium led to a rapid increase in the number of p53 +/+ cells within 1 d (Fig. 3C) , showing that not only are the cells viable but they are also capable of resuming vigorous proliferation as soon as nutrient supply is resumed. Furthermore, when maintained for several weeks under continuous milder nutrient deprivation, many more cells remained in the p53 +/+ than in the p53 −/− cultures (Fig. S3E ). The general caspase inhibitor Z-VAD-FMK (fluoro methyl ketone) effectively rescued HCT116 cells of both genotypes from starvation-induced death, further attesting to the apoptotic nature of this death (Fig. 3D and Fig. S3F ). Of note, prolonged starvation triggered poly(ADP ribose) polymerase (PARP) cleavage, a hallmark of apoptosis, in the p53 −/− HCT116 cells; this was detectable as reduced amounts of the noncleaved form (Fig.  3E f) and appearance of the cleaved form (Fig. 3E c) . As expected, an opposite impact of p53 status was observed on 5-FU treatment.
Together, these data imply that p53 can delay apoptosis and promote long-term survival in HCT116 cancer cells encountering prolonged nutrient deprivation.
LC3 Knockdown Rescues p53-Deficient HCT116 Cells from Apoptosis.
To assess whether the inability of p53-deficient HCT116 cells to down-regulate LC3 on prolonged starvation contributes to their increased death, apoptosis was monitored after siRNA-mediated knockdown of endogenous LC3. Combined knockdown of all three LC3 isoforms markedly reduced the sub-G1 population (Fig. 4A and Fig. S4A ), strongly arguing that the excessive LC3 levels contribute to the enhanced apoptosis. Conversely, overexpression of GFP-LC3 modestly increased apoptosis in p53 +/+ cells (Fig. 4B) . Notably, knockdown of either Atg5 or Beclin 1, required for LC3 lipidation (6), also reduced apoptosis to some extent ( Fig. 4A and Fig. S4D ). However, although the knockdown was efficient (Fig. S4B) and autophagy was attenuated, as evident by reduced LC3-II flux and accumulation of LC3-I in siAtg5 cells (Fig. S4C) , the protective effect was substantially milder. Hence, excessive LC3 may also promote cell death through additional mechanisms that do not depend on its lipidation and are not necessarily related to autophagy.
p53 Enhances the Survival of Chronically Starved Nontransformed Cells. We next sought to determine whether p53 also protects noncancerous cells against starvation-induced apoptosis. As seen in Fig. 5A and Fig. S5A , p53 knockdown rendered both MRC5 and IMR90 human embryonic diploid lung fibroblasts more sensitive to death on extended nutrient deprivation. Similarly, starved p53-null mouse embryonic fibroblasts (MEFs) exhibited higher apoptosis rates than wt MEFs (Fig. 5B, siCont panels) . Hence, this protective function of p53 is an inherent feature of normal cells.
As in HCT116 cells, p53 was also required in MEFs for effective down-regulation of LC3 mRNA on extended starvation (Fig. 5C, 48 h). However, unlike in HCT116, LC3 knockdown did not affect the death of starved p53 −/− MEFs; rather, it augmented the death of p53-proficient cells (Fig. 5B and Fig. S5B ). Although this may seem at odds with the HCT116 data, there is actually a common denominator: in both cases, p53 seems to increase fitness by optimizing the autophagic response. In MEFs, basal autophagic flux is low (Fig. S5C) , and the main challenge under starvation is to induce and maintain higher autophagy rates. This is at least partially p53-dependent (Fig. S5C Lower) , as reported earlier (16) . In contrast, basal autophagic flux in HCT116 is already quite high (Fig. 1B) , presumably owing to the deranged metabolism of cancer cells and the subsequent constitutive damage (3); hence, preventing excessive autophagy is more critical for the chronically starved cancer cells. In either case, p53 loss compromises the cell's ability to adjust autophagy to changing circumstances over time, rendering it more vulnerable to the detrimental effects of prolonged starvation. Discussion p53 has been linked with regulation of autophagy; however, the exact nature of this link remains seemingly controversial. We now suggest that p53 can modulate autophagy in a context-dependent manner and propose that p53 helps maintain autophagic homeostasis. Thus, p53 is neither merely a positive nor negative regulator of autophagy but rather acts as a rheostat that continuously adjusts the rate of autophagy to changing circum- stances. By so doing, p53 endows cells with increased fitness and better long-term survival. Its loss compromises the ability to adjust the autophagic response properly.
We show that extension of cell survival in the face of prolonged nutrient deficiency is an inherent feature of p53, observable in a variety of normal cells. Indeed, although p53 is better known for its proapoptotic activities, it can also possess prosurvival effects, particularly under mild stress conditions (32) (33) (34) . Such cytoprotective function of p53 may be part of its increasingly appreciated role in maintaining intracellular metabolic homeostasis. In a healthy organism, this may reduce the incidence of cancer-promoting cellular derangements. However, some cancer cells may take advantage of this prosurvival feature of p53: if they successfully complete the transformation process without acquiring a p53 mutation, subsequent retention of wt p53 might render them more resilient under conditions of changing nutrient availability. Indeed, blockage of autophagic flux may promote tumor cell death in vivo under conditions of stress (35) . Our findings join a growing number of examples where cancer cells misuse p53 functions meant to serve the wellbeing of the organism (3, 4) .
The mechanisms whereby p53 maintains autophagic homeostasis likely differ among different cell types. In the case of HCT116 cells, p53 promotes the selective down-regulation of LC3 RNA and protein under conditions of prolonged nutrient deprivation. This presumably enables the tuning down of autophagy initiation to rates compatible with the gradually diminishing metabolic capabilities of these cells. Consequently, sustainable autophagic flux is maintained over a longer period. Conversely, p53 loss drives excessive LC3 production, forcing an attempt to maintain high autophagy rates. However, owing to continued depletion of essential resources, the process is eventually stalled, slowing down autophagic flux and causing accumulation of excessive aberrant intermediates and eventually, apoptotic cell death.
p53 is primarily a transcriptional regulator. Surprisingly, we find that the impact of p53 on LC3 mRNA down-regulation is chiefly posttranscriptional. This raises the intriguing possibility that, in line with the observation that cytoplasmic p53 modulates autophagy (21) , p53 may promote the degradation of mature LC3 mRNA, perhaps through its RNA binding activity (36) . Alternatively, p53 may regulate genes encoding other RNA binding proteins. Either way, this deserves further investigation. The extent to which our in vitro observations pertain to a variety of actual in vivo situations remains to be rigorously determined in both normal and cancerous tissues. However, it is noteworthy that, whereas starvation leads to induction of autophagy in several tissues of wt mice, this does not happen in p53-null mice, where autophagosomes are present in higher numbers under optimal conditions but starvation does not induce any further change (21) .
Altogether, our findings imply that p53 ensures autophagic homeostasis, tuning it up or down as dictated by changes in nutrient availability. On the one hand, this could serve as an anticancer mechanism (e.g., by maintaining genomic stability) (31) , in which case tumorigenesis would select for loss of wt p53 as is indeed seen in many cancers. On the other hand, however, the prosurvival effects described above are likely to drive a selective pressure for retaining wt p53 in some cancer cells. Which alternative eventually wins is likely to depend largely on the particular combination of additional genetic and epigenetic events in a particular tumor as well as the environmental stresses that it has been exposed to during its progression.
Materials and Methods
Cell Culture, Reagents, and siRNA Transfection. Cell culture growth and starvation conditions, reagents, and transfection details are listed in SI Materials and Methods.
EM. Cells were grown on coverslips and fixed with 0.3% glutaraldehyde and 0.3% paraformaldehyde in cacodylate buffer (cacodylate 0.1 m, pH 7.4). Samples were dyed in 1% OsO 4 , 0.3% potassium dichromate, and 0.3% potassium ferrocyanide and embedded in Epon. Sections of 70-100 nm were viewed by TEM (Technai-12; Phillips).
Protein Analysis. The following commercial antibodies and reagents were used: anti-LC3B (L7543; Sigma); anti-GAPDH (Chemicon); anti-PARP (SA-250; Biomol), anti-LAMP1 (h4a3; Developmental Studies Hybridoma Bank, University of Iowa), DAPI (Sigma), and LysoTracker Red (DND-99; Molecular Probes). For Western blot analysis, cells were lysed in radioimmunoprecipitation (RIPA) buffer (0.1 M NaCl, 5 mM EDTA, 0.1 M Na 2 HPO 4 /NaH 2 PO4, pH 7.5, 1% Triton, 0.5% deoxycholate (DOC), 0.1% SDS, and protease inhibitors), and 40 μg of lysate were loaded to SDS/PAGE. For immunofluoresence, cells were fixed in methanol, permeabilized with acetone, incubated with the indicated antibodies, and visualized by a Zeiss LSM-510 or Zeiss LSM-710 confocal microscope.
RNA Analysis. Total RNA was isolated using the mirVana miRNA isolation kit (Ambion). cDNA and real-time PCR were performed as described (37) . For LC3B premRNA analysis, RNA was incubated with (RT) or without (non-RT) reverse transcriptase in the presence of random hexamer primers before being subjected to real-time PCR. The non-RT real-time PCR values were subtracted from the RT values to obtain the data presented in Fig. 2B and Fig. S3D . Primer sequences are detailed in Table S1 .
FACS Analysis. FACS-assisted cell cycle analysis for DNA content was performed as described (37) . Analysis of apoptotic cells was performed using a FITC-annexin-V apoptosis detection kit (Roche). Samples were analyzed using a FACS sorter (Becton Dickinson) or LSR-II (BD Biosciences) flow cytometer. Results from the LSR-II flow cytometer were analyzed by Matlab using an FCS data reader script.
